ABSTRACT Magic-angle single and double cross-polarization 13C and 15N NMR spectra have been obtained of lyophilized soybean cotyledons cultured on media containing, as the only nitrogen source, [4-13C, amide-'5N]asparagine. Single cross-polarization NMR shows directly and unambiguously that. both labels from asparagine are incorporated extensively and nonrandomly into protein by the developing cotyledon during a 2-week period. A stable-isotope double label tags. a chemical bond. The metabolic fate of the asparagine double label was followed by double crosspolarization NMR using the latter's sensitivity to the dipolar coupling between directly bonded 13C and`5N. These experiments show that in. culture the direct incorporation of asparagine (with no scrambling of label) accounts for about half of all asparagine residues in soybean protein. This conclusion implies the operation of a regulatory apparatus in soybeans for both direct utilization and degradation of asparagine in protein synthesis.
NMR shows directly and unambiguously that. both labels from asparagine are incorporated extensively and nonrandomly into protein by the developing cotyledon during a 2-week period. A stable-isotope double label tags. a chemical bond. The metabolic fate of the asparagine double label was followed by double crosspolarization NMR using the latter's sensitivity to the dipolar coupling between directly bonded 13C and`5N. These experiments show that in. culture the direct incorporation of asparagine (with no scrambling of label) accounts for about half of all asparagine residues in soybean protein. This conclusion implies the operation of a regulatory apparatus in soybeans for both direct utilization and degradation of asparagine in protein synthesis.
Asparagine is the major amino acid present in the translocation stream of soybean and other legumes (1, 2) and thus is believed to be an important nitrogen source for protein synthesis in developing seeds. We have previously shown that the amide and amino nitrogens of asparagine are both used for the synthesis ofstorage protein in developing cotyledons ofsoybean in culture (3) . We found that, during the first week in culture, the amide nitrogen is used differently from and to a lesser extent than the amino nitrogen, that the amount of asparagine amide incorporated into protein in soybean cotyledons is far more than can be attributed to asparagine incorporation alone, and that the release of some asparagine amide nitrogen as ammonium with subsequent reassimilation via glutamate is essential for protein synthesis.
In this paper, we report the use of solid-state magic-angle 1H-'3C-'5N double cross-polarization NMR to determine quantitatively the extent to which asparagine amide is, in fact, directly incorporated into proteins as the asparagine fed to developing soybean cotyledons in culture. The combination of high-power resonant decoupling and high-speed mechanical sample spinning has been demonstrated to produce liquid-like high-resolution 13C NMR spectra of a wide variety of organic solids (4 (5) . Problems associated with extraction, hydrolysis, derivatization, purification, and recovery (common to other techniques for detection of stableisotope labels) are absent. Double cross-polarization '3C or 15N NMR (6) , by its sensitivity to the dipolar coupling between directly bonded 13C and '5N spins, provides a direct quantitative measure ofthe uptake and metabolism ofdouble labels. An isotopic double label can be used to tag the chemical bond between the asparagine amide nitrogen and the adjacent carbonyl carbon. By using double cross-polarization to follow the fate of this double label in intact tissues, we establish the degree of direct incorporation ofamide nitrogen into protein without scrambling of label.
MATERIALS AND METHODS
Growth and Preparation of Cotyledons. Glycine max (cv. Elf) was grGwn.in chambers under standard conditions (7) . Immature cotyledons were removed from the pods, grown in culture with labeled asparagine as the sole nitrogen source, and prepared for NMR analysis as described (3) .
Protein content of the cotyledons was determined by the method ofLowry et at (8) , with bovine serum albumin as a standard, and confirmed by determination oftotal nitrogen contents ofseeds and cotyledons by using pyrolysis and gas chromatography.
Merck and then from '5N to "3C. The pulse sequence used in these experiments is described in Fig. 1 .
Magic-angle 13C NMR spectra were obtained at 15.1 MHz by using matched spin-lock cross-polarization transfers with 2-msec single contacts and 50-kHz Hls with the lyophilized samples contained in a Beams-Andrew 700-1.l hollow rotor spinning at 2.0 kHz.
RESULTS
Growth of Cotyledons on Asparagine. Immature soybean cotyledons in culture grew on 60 mM asparagine as the nitrogen source with increases in fresh weight, dry weight, and protein averaging 6-to 12-fold after 7 days (3) .
'5N NMR. A typical magic-angle 15N NMR spectrum of labeled soybean cotyledons is shown in Fig. 2 . This spectrum was obtained from five cotyledons, grown for 14 days on [4-13C, amide-'5N]asparagine and extracted with 80% ethanol after lyophilization. The mechanical sample spinning produced the spinning sidebands (SSB) which appear at the extremes of the spectrum. The major line (about 100 ppm downfield from solid ammonium sulfate as an external '5N NMR reference) is due to label in amide nitrogen, in the form of peptide nitrogen or asparagine residue. (Any weak natural-abundance 15N NMR signal can be ignored.) The asparagine amide nitrogen is clearly metabolized to produce other functionality with label appearing, for example, in histidine, arginine, and lysine residues. The general appearance of this spectrum is comparable to, but not identical with, what has been observed for nonspecifically la- Fig. 3 ). A notable difference is the increased width of the carbonyl/carbon peak. Naturally, this spectrum is only half as intense as that for the fully labeled cotyledons. Double Cross-Polarization 15N NMR. In the absence ofa 15N/ 13C drain (Fig. 1, 13C rf off resonance), the 15N magnetization, So, is a function of the rotating-frame hold time (9) . In the presence of a drain, an additional decay process for the 15N magnetization is introduced so that S = Soe d, in which we have assumed the drain process itself to be adequately described by a single exponential time constant, Td. Then, the signal arising from the difference experiment of Fig. 1 The drain process for both systems seems to be reasonably well represented as a single-exponential decay. The shorter relaxation time for asparagine is mostly, but not exclusively, the result of the shorter nitrogen-amide carbon bond length (relative to the nitrogen-aliphatic carbon bond for glycine) and the correspondingly stronger static dipolar coupling between '5N and 13C and faster cross-polarization transfer (unpublished data).
The fraction, f, of double label in the cultured cotyledons is not known. This number can be determined by a plot of ASI So against 1 -e-7ITd which is a straight line with slopef. A plot of this type is shown in Fig. 4 for the cotyledons cultured for 7 days on double-labeled asparagine (Exp. 1, Table 1 ). Because virtually all of the labeled carbon in these cotyledons is known to be carbonyl (Fig. 3) [1] [2] [3] [4] [5] . In the double-label dilution experiment (Exps. 5 and 6), the concentration of double labels in the cotyledons grown on the medium isotopically diluted by 50% was more than half that of the cotyledons grown on the undiluted medium. Low incorporation of double labels occurred Proc. Nad Acad. Sci. USA 78 (1981) all only when cotyledons were grown on media in which the 13C and "5N labels start out on different molecules (Exp. 7).
DISCUSSION
Carbonyl and carboxyl carbons of asparagine and aspartate residues in soybean protein represent about 8% ofthe total protein carbonyl and carboxyl carbons [calculated from the amino acid composition of soybean seed protein (2)]. This is not enough to account for the massive carbonyl-carbon '3C enrichment observed for the cultured cotyledons (Fig. 3) . Therefore, some of the asparagine '3C must have been incorporated into peptide bonds. These C3G atoms may or may not be adjacent to 5N (see below).
It is not difficult to explain the appearance of 13C in peptide carbonyls. Release [1-'3C] oxaloacetate reacted with '5N-labeled glutamate (the latter derived from labeled ammonia produced by the deamidation of labeled asparagine) to make aspartate, the incorporation, into protein, of this aspartate or of an amino acid that was formed from this aspartate would result in a '3C-'5N peptide bond. A '3C-'4N peptide bond will result if the glutamate is not labeled. In addition, when [4-'3C]oxaloacetate enters the citric acid cycle, a-[1-'3C]ketoglutarate could be formed (11) , and if this were used as a precursor for glutamate, glutamine, arginine, or proline, the incorporation of these amino acids into protein could also result in either 13C-15N or '3CG-4N peptide bonds. Direct use of [4-13C] oxaloacetate to produce aspartate would result in the production of a nonpeptide carboxyl 13C, and direct use of [1-3C]oxaloacetate for production of a-ketoglutarate would result in the release of ' C02.
Clearly, scrambling of this sort must occur in the developing soybean cotyledons. The carbonyl-carbon line in the magic-angle 13C NMR spectrum of cotyledons grown on the isotopically diluted medium shows distinct broadening (Fig. 3, curve b) relative to that from cotyledons grown on the undiluted medium. This broadening can be attributed to 13C-'4N dipolar coupling not removed by magic-angle spinning because of strong 4N quadrupolar interactions (12) . These '3C-'4N bonds form only by a scrambling metabolic pathway. We ignore here any smalleffects ofstorageprotein turnover and asparagine amide-bond hydrolysis with reformation before scrambling.
The '3C-'5N that enters protein directly results in double label whose concentration relative to total label present is unaffected by whether or not the medium used was isotopically diluted. Naturally, this is not true if double label is incorporated into protein through a scrambling pathway. Separated labeled carbons and nitrogens can be replaced by unlabeled carbons and nitrogens during scrambling, thereby reducing the probability for incorporation of a double label. We can measure the flux along these two pathways by forming the ratio, r, where Based on the results of the double-label dilution experiment (Table 1) , we find that r = 0.6. That is, scrambling is the dominant but not exclusive pathway for incorporation ofdouble label into protein from double-labeled asparagine. As discussed above, the direct pathway necessarily puts the double label into a side chain of an asparagine residue. The scrambling pathway can put double label into either the side chain or the main chain (11) .
For the soybean cotyledon cultured 14 days on 60mM [4-'3C, 4-8% of the total nitrogen of soybean (2), we conclude that, for these cotyledons in culture, direct incorporation of asparagine produces 30-60%, or about half, of all asparagine residues. We suspect that this is a conservative estimate because the specific cotyledons of the dilution experiment were relatively modest users of asparagine amide nitrogen for protein synthesis during the 14-day culture period. The results of the split label experiment (Exp. 7, Table 1 ), support the determination of direct asparagine incorporation.
In this experiment, with the "3C label starting on one asparagine molecule and the '5N label on another, double labels in protein can form only via the scrambling pathway. Thus, we expect 60% (fraction scrambling) of 17% (the value for percentage amide '5N having "3C neighbors in protein of cotyledons grown on 60 mM 
CONCLUSIONS
We have demonstrated the use of solid-state cross-polarization '3C and '5N NMR to determine quantitatively the metabolism of asparagine in intact soybean tissue and the use of double cross-polarization 15N NMR to follow the metabolism of a specific chemical bond of asparagine. Neither the use of radioisotopes nor the use ofother means ofdetecting stable isotopes has comparable directness and specificity. The observation that about half of all asparagine residues in soybean protein produced in our experiments arose from the direct incorporation Biochemistry: Schaefer et aL 5982 Biochemistry: Schaefer et at ofasparagine establishes the operation ofa regulatory metabolic system in soybeans for both asparagine direct incorporation and utilization as a carbon and nitrogen source in protein synthesis.
Solid-state cross-polarization NMR experiments on lyophilized samples have the desirable feature that minimal biochemical manipulations are required for analysis. This eliminates the possibility of any loss or alteration of the materials being examined. Consequently, the technique may prove generally useful for those cases in which extraction or isolation is particularly difficult-for example, as in studies of the metabolism of membrane-bound proteins.
Magic-angle spinning cross-polarization NMR experiments on in vivo functioning biological systems may also prove practical. With significant improvements in sensitivity available for 15N NMR experiments performed at 20-30 MHz (rather than 9 MHz) in 1-ml magic-angle rotors (instead of 0.4-ml rotors), monitoring of metabolism in some plant and bacterial systems in real time is within reach. Preliminary experiments on intact viable yeast cells, for example, have been encouraging. Simultaneous 13C and '5N detection in a double cross-polarization experiment is another possibility with the potential for rapid mapping of complicated biochemical pathways in actively metabolizing systems. Naturally, solid-state single and double cross-polarization signals will arise only from those components of an in vivo system that are completely, or partially, immobilized. These cross-polarization techniques therefore complement the use of Fourier transform 13C or '5N NMR which measures the flux of stable isotopes through the soluble pools of in vivo cellular systems (13, 14) .
